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non-contagious disease in the world, is a chronic, multifactorial disease that exerts enormous impact on public health systems of industrialized and developing countries (Petersen, 2003; Fejerskov, 2004) . Caries is an important cause of dental loss and dental pain, both conditions associated with impaired performance in school and absenteeism at work (Petersen, 2003; Fejerskov, 2004) , ultimately leading to a decrease in quality of life (Petersen, 2003) . Even though reports have shown that the Decayed, Missing and Filled Teeth (DMFT) index, commonly used as an estimate of caries, has been decreasing over the past few years in developed and developing countries, caries continues to affect 60 to 90% of children at school age and the majority of adults (Petersen, 2003) .
It is widely accepted that the occurrence of caries depends on environmental and host-related factors (Keyes, 1960; Evans et al., 1993; Featherstone, 2004; Pine, 2005; Antunes and Peres, 2006) . When the biofilm is exposed to highly fermentable carbohydrates, cariogenic bacteria like Streptococcus mutans, Streptococcus sobrinus, and some species of Lactobacillus (Keyes, 1960) are selected. Continuous exposure to acids produced by these bacteria, associated with a limited buffering capacity of the host, leads to dental decalcification (Featherstone, 2004) . The process is modified by environmental factors, such as oral hygiene, fluoride exposure, as well as socio-economic status (SES), gender (Lukacs, 2011) , ethnicity, and age (Evans et al., 1993; Antunes and Peres, 2006) . Of note, dental caries, early dental loss, and edentulism seem to concentrate in some groups of individuals (Petersen, 2003) .
Although previous studies Patir et al., 2008; Ozturk et al., 2010; reviewed in Werneck et al., 2010) point to the existence of a genetic component controlling host susceptibility to caries, no description of the genetic model involved, as provided by Complex Segregation Analyses, has been produced to date. The approach enables the identification of a major gene effect (that is, an effect important enough to be distinguished from other susceptibility genes, but not necessarily caused by one single gene) and the estimation of the allele frequency and penetrance of the deleterious allele, among other parameters. Here we present the results of a Complex Segregation Analysis for caries performed in a sample of the Colony of Santo Antônio do Prata (the Prata Colony), a community geographically isolated in the Amazonian state of Pará, north of Brazil. The population of the Prata Colony is highly exposed to caries susceptibility factors and shares very homogenous non-genetic variables (Lázaro et al., 2010) .
MATERIAlS & METHODS

Study Population and Enrollment Strategy
The study was approved by the Research Ethics Committee of the Pontifical Catholic University of Paraná. All families included in the study were recruited from the Prata Colony, a former leper colony created in the early 1920s with the objective to isolate individuals affected with leprosy. Isolation was compulsory until 1962; however, the population of the colony remains isolated today, probably due to the strong stigma associated with leprosy, a disease still highly prevalent within the community. Previous assessment indicated very homogenous environmental and socioeconomic variables and predominance of a mixed ethnic group, as reported elsewhere (Lázaro et al., 2010) . Family recruitment was performed by a systematic approach intended to reduce ascertainment bias. First, one household was randomly selected, and all members were invited to participate. Upon agreement, all individuals from this first nuclear family were asked to report whether there was any relative living in the colony; if so, these relatives and their families were also contacted and included in the study. The procedure was repeated until no additional relatives belonging to this first extended family were reported. Then, the next nuclear family was selected, counting two households to the left from the first included nuclear family and subjected to the same enrollment strategy. The same was applied until complete recruitment of the population sample was attained.
Phenotype Definition and Epidemiological Data Collection
Data collection was composed of a structured interview and a clinical examination, both performed by a single investigator (R.I.W.). Prior to data collection, all individuals were asked to sign an informed consent agreeing to participate in the study. The parents provided consent regarding individuals under 18 years old. The examination was conducted in the field, with natural light, tongue depressor, and gauze. A case of caries was defined according to World Health Organization guidelines (WHO, 1997) . Information regarding demographic characteristics (gender, age, ethnicity), SES (socio-economic status, educational level), oral health (dietary habits, brushing habits, frequency of dental appointments), and clinical evaluation (decayed teeth, gingivitis, plaque, and leprosy status) was obtained and analyzed prior to the Complex Segregation Analysis.
Statistical Methods
To test formally for intra-observer repeatability, we re-collected data from 25 individuals during a second, independent expedition to the colony, following the same original conditions. Study participants were selected randomly from all families recruited during the first expedition. Datasets were then compared by the Kappa test (Cohen, 1960) .
The phenotype "number of decayed teeth" (DT) was investigated as a continuous trait. To bring the observed distributions closer to normality, DT was root-transformed. Prior to the Complex Segregation Analysis, the impact of non-genetic covariates on DT was investigated by univariate and multivariate linear regression analysis, as implemented in the t test, correlation and linear regression functions of the SPSS software (version 13.0). Covariates yielding statistically significant associations with DT in the multivariate analysis were included in the corresponding Complex Segregation Analysis.
Complex Segregation Analysis was conducted following the same regressive model applied recently for this population and for leprosy (Bonney, 1986; Lázaro et al., 2010) . In the first model, sporadic transmission (model I) includes only the nongenetic covariates with significant impact over disease susceptibility. Next, in addition to the significant covariates, the dependence on phenotypes of preceding relatives, which is parameterized in terms of familial correlations (model II), is included in the model, with the class D pattern of familial correlations (Lázaro et al., 2010) . Four types of phenotypic familial correlation were considered: father-mother (FM), father-offspring (FO), mother-offspring (MO), and sib-sib (SS), with corresponding regression coefficients denoted as "ρ FM ", "ρ FO ", "ρ MO ", and "ρ SS ", respectively. To rule out the possibility of significant familial dependency due to unmeasured shared environmental factors, our next step was to include a major gene effect in the model (models III and IV). The estimated parameters of the major gene were q (the frequency of allele A predisposing to decayed teeth), µ AA , µ AB , and µ BB (the phenotypic means of individuals with genotypes AA, AB, and BB, respectively), and σ 2 (the common residual variance of the phenotype). Finally, two additional models including a major gene effect were considered: (i) an "absence of transmission" model (model V), in which three types of individuals-AA, AB, and BB-are specified but in which absence of parent-offspring transmission is obtained by setting τ AAA = τ ABA = τ BBA ; and (ii) a more general transmission model (model VI), in which the three τs are estimated (Elston and Stewart, 1971 ). Segregation of a major gene can be inferred if we fail to reject the Mendelian transmission of the major effect when compared with the general transmission model and if we reject the non-transmission hypothesis when compared with the general transmission model (this latter test rules out the possibility that the failure to reject the Mendelian transmission of the major effect was due to lack of power) (Demenais et al., 1986) .
Parameter estimation and hypothesis testing were performed with the use of classic likelihood strategies. Because of the study design-exhaustive reconstruction and data collection of randomly selected (instead of proband-based selected) extended pedigrees-there was no need for ascertainment correction (Tai and Hsiao, 2001) . Complex Segregation Analysis was performed as implemented in S.A.G.E. (Statistical Analysis for Genetic Epidemiology) release 5.4.1 (Case Western Reserve University), with the segregation analysis program SEGREG (Sorant et al., 1994) .
RESulTS
Family Sample and Phenotype Distribution
The kappa value for the statistical test of intra-observer repeatability was 0.83, indicating "very good agreement" between the datasets (kappa > 0.8) (Cohen, 1960) .
In total, 451 individuals were enrolled in the study, distributed in 11 extended pedigrees. The male/female ratio was 1.01, mean age at enrollment was 30.72 (± 16.31) yrs old, and mean DT was 2.44 (± 3.34; minimum = 0, maximum = 17). There was no difference between males and females for distribution of age (mean age for males = 31.0 years; mean age for females = 30.3 years, p value = 0.68) and DT (mean DT for males = 2.33; mean DT for females = 2.60; p value = 0.47).
Analysis of Covariates
Univariate analysis revealed effects of age, snack habits, gingivitis, and number of teeth over DT (Table 1) . Multivariate linear regression analysis confirmed the impact of age (p = 0.02) and gingivitis (p = 0.0002): Caries was significantly more frequent among individuals with gingivitis (mean decayed teeth = 1.44) when compared with individuals without gingivitis (mean decayed teeth = 0.98; p = 0.0004). The mean DT reached the highest value at the age class of 20 to 29 yrs old. 
Complex Segregation Analysis
Results of the Complex Segregation Analysis are shown in Table 2 .
Since correlations between spouses (ρ FM ), father-offspring (ρ FO ), and mother-offspring (ρ MO ) were not observed on Complex Segregation Analysis, these parameters were not included in Table 2 . There was evidence of familial correlation, since the sporadic model without familial correlation was rejected against the model that included sib-sib correlation [models I vs. II, χ 2 (1df) = 4.56, p = 0.03]. The inclusion of a dominant major effect to sib-sib correlations notably improved the fitness of the model [models II vs. III, χ 2 (3df) = 100, p = 10 -21 ]. Interestingly, removal of residual sib-sib correlations had no significant impact on the fitness [models III vs. IV, χ 2 (2df) = 0.62, p = 0.73]. Finally, the transmission of the dominant major effect was compatible with the Mendelian hypothesis [IV vs. VI, χ 2 (3df) = 4.16, p = 0.24], and the hypothesis of no transmission was rejected [V vs. VI, χ 2 (2df) = 8.2, p = 0.01]. In summary, there was strong evidence for the presence of a major gene controlling DT, following a dominant model with an estimated frequency of the resistance allele "A" of 0.63.
DISCuSSIOn
The objective of this study was to conduct a Complex Segregation Analysis for caries in a collection of multiplex, multigenerational families recruited at the former leper Colony of Santo Antônio do Prata, located in the Amazonian state of Pará, north of Brazil. Environmental, socio-economic, educational, and demographic variables are very homogenous throughout the colony (Lázaro et al., 2010) ; in addition, characteristics such as a high cariogenic diet, low standards of oral hygiene, and the absence of fluoride in the water, known to have a major influence on caries development, make the Prata colony particularly suitable for genetic epidemiologic analysis of caries susceptibility. Caries experience was expressed by the "Decayed Teeth" component of the "Decayed, Missing and Filled Teeth" classic index that captures information not only about caries but also about other oral conditions such as periodontitis, trauma, and even over-treatment; a Complex Segregation Analysis on such a complex phenotype would be highly prone to cryptic confounding effects, and therefore very difficult to interpret. The goal of Complex Segregation Analysis is to detect and discriminate between and among the different factors causing familial resemblance, ultimately aiming to demonstrate a major gene effect. Our Complex Segregation Analysis found the existence of a major gene effect transmitted following a dominant model with the frequency of the resistance allele "A" estimated at 0.63. Mean DT was estimated at 1.53 for individuals with genotypes AA and AB and 9.53 for BB individuals. The analysis was adjusted by age and gingivitis, both associated with DT in our study population sample: DT increased with age only up to the 20-to 29-year-old age class and decreased after that; patients with gingivitis had higher mean DT. From a clinical point of view, gingivitis is a result of plaque accumulation on the tooth surfaces owing to inadequate oral hygiene. Gingivitis is a significant predictor of higher numbers of caries lesions and is compatible with the finding that plaque occurrence is also associated with caries (Julihn et al., 2006) . Number of teeth present in the mouth was, not surprisingly, associated with DT in the univariate analysis; however, the effect was totally explained by age, as demonstrated in the multivariate analysis.
Although Complex Segregation Analysis is ideal for identifying the genetic model behind a specific phenotype, it has classic limitations. Different strategies of adjustment for non-familial variables may result in discordant findings across independent studies; our study population was heavily and homogeneously exposed to caries risk factors, minimizing the impact of non-familial variability and increasing the power of the analysis. Also, our segregation analysis does not preclude other non-genetic explanations for the familial nature of the caries risk in the Prata population, such as passing of microbiota "-" Non-relevant parameter in the model. "( )" Fixed parameter for hypothesis. "[ ]" Parameter fixed to the same value as the preceding estimated parameter. "Q" Frequency of leprosy-predisposing allele "A". "µ" Genotypic mean for genotype (AA, AB, or BB), adjusted for covariate effects. "σ 2 " Residual variance of the phenotype. "ρ" Familial correlation. "β" Covariable regression coefficients. "τ" τAAB, τABB, τBBB probabilities of transmitting "a" for individuals AA, AB, and BB, respectively. C = -1364.40, corresponding to twice the logarithm of the likelihood (2lnL) of the best-fitting model (model VI). from caregivers to infants; however, the risk of such confounding is minimized by the observation of Mendelian transmission of the trait (models IV vs. VI and V vs. VI), unlikely to be seen for non-genetic variables. Finally, a more precise inference about the exact nature of the major gene effect observed is impaired by the inability of the Complex Segregation Analysis to distinguish between one single, co-dominant, or dominant gene with very strong effect or several co-dominant or dominant genes with milder effect that will play additively on the risk (Jarvik, 1998) . For further investigation, molecular, DNA-based studies are necessary. The results of the Prata Colony Complex Segregation Analysis on caries add to the evidence of a genetic component controlling the development of caries and lay groundwork for future genetic studies. The parameters generated in this Complex Segregation Analysis may be used for powerful, model-based linkage analysis, followed by high-density association mapping using the already-mapped Prata families, as used in previous studies (Mira et al., 2004) . To date, only one combined parametric and non-parametric linkage analysis has been conducted to detect genomic regions containing candidate genes for caries (Vieira et al., 2008) . Unfortunately, no data from the Complex Segregation Analysis performed by the authors were made available.
The description of the exact nature of the genetic component of the complex mechanism controlling susceptibility to human caries may ultimately lead to a better understanding of the physiopathological basis of this complex, chronic, multifactorial, and common disease and Public Health concern, with potential impact over preventive strategies and, consequently, over public health systems worldwide.
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